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Glossary
Terms Definitions (Order of Appearance)
Sessile Droplet A fluid droplet deposited onto a horizontal sample surface.
Apparent Contact
Angle (ACA)
The measurable angle between the droplet edge and the substrate,
as measured from the contact point.
Local Contact Angle
(LCA)
The contact angle at the microscopic region of the fluid-surface con-
tact point, may differ significantly from the apparent contact angle.
Super-Repellency A property of a surface which indicates a high contact angle will be
observed for a sessile droplet of a given fluid.
Advancing & Receding
Contact Angles
Dynamic contact angles measured during droplet expansion/reduc-
tion or from either side of a moving droplet on a substrate.
Contact Angle
Hysteresis (CAH)
The magnitude of the difference between the advancing and reced-
ing contact angles, describes the mobility of a given droplet on a
substrate.
Cryoliquid A low boiling point fluid, typically elemental. Relevant examples:
liquid oxygen and nitrogen.
Paramagnetism Paramagnetic materials (e.g., liquid oxygen) form induced, imper-
manent, internal magnetic fields that exert an attractive force be-
tween the object and the magnet.
Dewar An insulated vessel used for storing cryoliquids with minimal evapo-
rative losses, typically multi-walled with evacuated and/or insulated
layers.
Surface Tension A fluid property describing the magnitude of the tension that drives
surface area/energy minimization, stemming from the strength of
the molecular interactions in the fluid.
Pinning The behavior of a fluid-surface contact line which resists lift-off from
that surface due to molecular interactions with that surface.
Cassie/Wenzel State Terms describing a droplet on a structured surface being repelled
with a high contact angle on top of the structures (Cassie) or pen-
etrating the structures and contacting the substrate with a lower
contact angle.
Cassie Fraction The proportion of a structured surface in solid-fluid contact with a
sessile droplet in a Cassie state on that surface.
Wetting Transition The transition of sessile droplet from a Cassie state to a Wenzel or
complete wetting state or vice versa, the cause can be deliberate
or accidental and a wide variety of inducing mechanisms have been
observed.
Axisymmetric Drop
Shape Analysis
(ADSA)
An analysis tool used to fit the Young-Laplace model to a sessile
droplet profile and minimize fitting error for accurate determination
of the contact angle.
Bond/Eo¨tvo¨s Number A dimensionless number describing the relative importance of sur-
face tension forces in a droplet to other forces such as gravity.
Constant Contact
Radius/Angle
(CCR/CCA)
The general stages of droplet evaporation on a repellent surface,
the CA decreases to receding angle in CCR mode first, then the
three-phase contact line retracts with a constant CA.
iv
Stick-Slip Motion When a droplet is evaporating on a structured surface with non-
negligible CAH in CCA mode, the contact line moves in discrete
jumps from structure to structure, resulting in a vacillating receding
contact angle.
Break-In Pressure The pressure limit for a sessile droplet resting on surface structures
at which the droplet will undergo a wetting transition to a Wenzel
or completely wetting state.
Weber/Reynolds
Numbers
Fluid dynamical values that relate a given fluid’s surface ten-
sion/viscosity with its inertia, useful for analyzing droplet impacts
on surfaces.
Leidenfrost State Fluid in contact with a surface heated to the Leidenfrost tempera-
ture for that fluid-surface pair will float on a cushion of its own evap-
orative vapor flux, significantly reducing evaporative heat transfer
as well as sliding friction.
v
Contents
Glossary iv
1 Introduction 1
2 Background & Motivation 2
2.1 Contact Angle Terminology . . . . . . . . . . . . . . . . . . . 2
2.2 Cryoliquids & Applications . . . . . . . . . . . . . . . . . . . . 4
2.3 Super-Repellent Surfaces . . . . . . . . . . . . . . . . . . . . . 5
3 Literature Review & Theory 7
3.1 Contact Angle Theory and Measurements . . . . . . . . . . . 7
3.1.1 Fitting/Prediction Models . . . . . . . . . . . . . . . . 10
3.1.2 Measurement Techniques & Limitations . . . . . . . . 13
3.2 Evaporation Theory . . . . . . . . . . . . . . . . . . . . . . . 16
3.3 Wetting Transitions . . . . . . . . . . . . . . . . . . . . . . . . 18
4 Experimental Methods and Materials 20
4.1 Setup Design . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.2 Doubly Re-entrant Structures . . . . . . . . . . . . . . . . . . 23
4.3 Measurement Procedure . . . . . . . . . . . . . . . . . . . . . 26
5 Results & Discussion 26
5.1 Non-Boiling Super-Repellency . . . . . . . . . . . . . . . . . . 26
5.1.1 Possible Causes of Cassie State Support Failure . . . . 29
5.2 Water Droplet Evaporation . . . . . . . . . . . . . . . . . . . 31
5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
6 Oscillating Leidenfrost Droplets 34
6.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
6.2 Experimental Methods . . . . . . . . . . . . . . . . . . . . . . 36
6.3 Results & Discussion . . . . . . . . . . . . . . . . . . . . . . . 38
6.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
A Supplemental Information 48
A.1 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . 48
A.1.1 Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
A.1.2 Before Sealing the Top Panel . . . . . . . . . . . . . . 48
A.1.3 Generating LOX Droplets . . . . . . . . . . . . . . . . 49
A.1.4 Shutting Down . . . . . . . . . . . . . . . . . . . . . . 51
vi
A.1.5 Analyzing Leidenfrost Droplet Oscillations . . . . . . . 51
A.2 Potential Improvement Ideas . . . . . . . . . . . . . . . . . . . 52
A.3 Doubly Re-entrant Structure Fabrication Process . . . . . . . 53
A.4 Safety Precautions & Warnings . . . . . . . . . . . . . . . . . 55
A.4.1 Gases . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
A.4.2 Cryoliquids . . . . . . . . . . . . . . . . . . . . . . . . 55
vii
List of Figures
1 Possible wetting states . . . . . . . . . . . . . . . . . . . . . . 3
2 Contact angle hysteresis illustration . . . . . . . . . . . . . . . 3
3 Cryogenic dewar wall design . . . . . . . . . . . . . . . . . . . 4
4 Doubly re-entrant structures from Liu and Kim . . . . . . . . 6
5 Evolution of our doubly re-entrant sample designs . . . . . . . 6
6 Young’s force balance . . . . . . . . . . . . . . . . . . . . . . . 7
7 Cassie, Wenzel, and intermediate wetting states . . . . . . . . 9
8 Bashforth-Adams diagram . . . . . . . . . . . . . . . . . . . . 11
9 3D model of droplet from X-ray tomography . . . . . . . . . . 12
10 Typical goniometric sessile drop image . . . . . . . . . . . . . 14
11 Local vs apparent contact angles . . . . . . . . . . . . . . . . 15
12 Ease of mistakes for high contact angle determination . . . . . 15
13 Thermal gradient and evaporative flux nonuniformity . . . . . 17
14 Stages of droplet evaporation . . . . . . . . . . . . . . . . . . 17
15 Break-in pressure diagram . . . . . . . . . . . . . . . . . . . . 19
16 Possible evaporative wetting transtion mechanism . . . . . . . 20
17 Evironmental chamber design and photo . . . . . . . . . . . . 22
18 Droplet generator design . . . . . . . . . . . . . . . . . . . . . 23
19 Cross-section of doubly re-entrant structure . . . . . . . . . . 24
20 Doubly re-entrant structure repulsion mechanism . . . . . . . 25
21 High speed video still-frames of LOX wetting failure . . . . . . 27
22 Non-free-standing repelled LOX droplets . . . . . . . . . . . . 28
23 Defect regions . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
24 Various sample defects . . . . . . . . . . . . . . . . . . . . . . 30
25 Contact angle evolution during droplet evaporation . . . . . . 31
26 Water droplet evaporation curves . . . . . . . . . . . . . . . . 32
27 Total evaporation time vs Cassie fraction . . . . . . . . . . . . 32
28 Leidenfrost droplet diagram . . . . . . . . . . . . . . . . . . . 34
29 LOX experiments in literature . . . . . . . . . . . . . . . . . . 35
30 Oscillation experimental setup . . . . . . . . . . . . . . . . . . 38
31 Oscillation model fitting . . . . . . . . . . . . . . . . . . . . . 40
32 Oscillation energy and power dissipation . . . . . . . . . . . . 41
33 V-track design, dimensions in mm. . . . . . . . . . . . . . . . 53
viii
Jared Myren 1 INTRODUCTION
1 Introduction
The wetting behavior of fluid droplets on surfaces is a long-standing and
active field of academic research and industrial development towards wide-
ranging applications. A subset of this field that has grown to prominence
over the past several decades is the study of low energy surfaces which are
not wetted by fluid, but instead repel droplets, which ”bead”, minimizing the
fluid-surface contact area. Such droplets can exhibit high mobility and the
surfaces can remain dry even while in contact with the fluid. Such surfaces
can even exhibit self-cleaning properties, as mobile droplets remove debris
as they roll off. The development of repellent surfaces has been inspired by
similar, naturally occurring surfaces, which are found in plants (e.g., lotus
and cabbage leaves, rose petals), insects (e.g., mosquito eyes, cicada wings,
water strider legs/feet), and even animals (e.g., bird feathers, geckos) [1].
Capacity for fluid repellency is governed by the fraction of the surface actually
in physical contact with the liquid, the geometry of the surface roughness,
the physical and chemical properties of the fluid and surface material, and,
finally, environmental factors such as temperature, pressure, and any external
forces. In this work we assume no fluid-surface chemical interactions and
focus on inert substrate materials with fluid repellent properties stemming
solely from the geometry of surface nanostructures. Low-energy surfaces
fabricated with micro- and nano-scale structures can enable static or even
dynamic fluid droplets to exist in non-wetting states even if the substrate
material is intrinsically (i.e., with a flat geometry) wetted by that fluid.
The majority of experimental research into super-repellent surfaces has in-
volved room-temperature fluid droplets in ambient conditions (or inert atmo-
spheres at room temperature). The first focus of this work instead considers
the behavior of low-boiling point cryoliquid droplets deposited onto cryogeni-
cally cooled, super-repellent substrates in environmentally controlled condi-
tions towards applications in cryogenic storage and handling. This is a novel
subject seemingly absent in existing droplet research literature. The second
focus of this thesis investigates the Leidenfrost phenomena using oscillating,
highly mobile, paramagnetic liquid oxygen droplets on room-temperature
surfaces in the presence of magnetic fields. The methodology modified for
use in the latter experiments had been previously developed for similarly os-
cillating ferrofluid droplets on superhydrophobic surfaces and enables studies
of low friction droplet dynamics.
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2 Background & Motivation
2.1 Contact Angle Terminology
Non-wetting droplets may be characterized by a variety of experimental
methods, the most common being optical goniometry of a sessile droplet
(a droplet resting on horizontal surface). This technique involves imaging
a static or dynamic droplet on a surface under high contrast lighting and
utilizing various image analysis techniques to determine the angles between
the droplet edges and the substrate, measured from the point of contact (see
Figure 1). This angle is reported as the apparent contact angle (ACA) for
the specific liquid/surface combination under the specified testing conditions.
Apparent contact angles are referred to as such in contrast with the local con-
tact angle (LCA), which is the true angle observable in the microscopic area
of the fluid-surface contact line, and the two angles may differ drastically
depending on the specific surface properties and geometry. The local contact
angle is difficult to measure in practice for most surfaces and in this work
we concern ourselves solely with apparent contact angles, referred to herein
simply as θ.
Surfaces which display contact angles of θ < 90° for water droplets are
referred to as hydrophilic, while contact angles of θ > 90° label a surface
hydrophobic. The high and low extremes of these behaviors are labeled
superhydrophobicity (θ > 150°) and superhydrophilicity (θ < 5°), respec-
tively. Surfaces which are highly repellent to oils are termed superoleophobic,
surfaces which exhibit both superhydrophobicity and superoleophobicity are
termed superamphiphobic, whilst surfaces which can repel a wider variety
of liquids have been labeled superomniphobic [2, 3] or superlyophobic [4].
As the latter two terms misleadingly imply repulsion of all fluids (repulsion
of superfluid helium, for example, is currently unattainable), the surfaces of
interest in this work will be referred to simply as super-repellent.
A related metric often reported in literature for the characterization of
droplets on repellent surfaces is the contact angle hysteresis (CAH), which
describes the magnitude of the difference between advancing (θadv) and re-
ceding (θrec) contact angles. The advancing contact angle is measured while
the droplet is expanding (increasing in volume) across the substrate or from
the droplet’s leading edge during sliding motion, while the receding angle is
measured during deflation or from the trailing edge of a sliding droplet (see
Figure 2). The receding angle is often cited as a more meaningful characteri-
zation of a surface as it is dependent only on the pinning behavior of the fluid
on the surface structures, whereas the advancing angle is dependent also on
the size of the droplet and the speed of contact line across the structures
2
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Figure 1: Droplets exhibiting complete wetting (S) to hydrophilic (C) to mildly
hydrophobic (B), to beading (A) on smooth surfaces (top). Bottom image
shows super-repellent behavior possible on structured surfaces. Top image from
Wikipedia, bottom adapted from [3].
[5–7]. The CAH characterizes a droplet’s mobility on a surface and indicates
the strength of the microscopic pinning behavior. In fact, the CAH is often a
more meaningful metric when characterizing a liquid-surface pair as it is less
sensitive to deposition technique and less likely to be obscured by multiple
stable (or even metastable) states in which equilibrium droplets may exist
on a rough surface. Both the CA and CAH can be used to predict the be-
havior of a droplet (or even larger macro-quantities of liquid) on a particular
surface, but in this work we will focus specifically on the effects of surface
parameters on evaporation rates, which have been shown in many studies to
be affected by the wetting properties of the liquid-surface pair.
Figure 2: The advancing contact angle is measured during droplet expansion or
(as shown here) at the leading edge during sliding motion, the receding contact
angle is measured during deflation or from the trailing edge during sliding motion.
The CAH is defined as the difference between the two angles and characterizes the
droplet’s mobility on a given surface. Adapted from [1].
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2.2 Cryoliquids & Applications
Examples of cryoliquids include the widely utilized liquid nitrogen (LN2), as
well as other elemental fluids. This work particularly focuses on characteriz-
ing the behavior of liquid oxygen (LOX) droplets for several reasons: a) it is
widely utilized in a variety of industrial and scientific applications, b) it can
be easily produced in small amounts in laboratory settings, and c) it exhibits
convenient boiling (90 K) and melting (5 K) points such that the liquid phase
is stable in environments cooled to LN2 temperatures (77–85 K). Interest-
ingly, LOX also exhibits significant paramagnetism, allowing for magnetic
droplet manipulation.
While some cryoliquids can be generated at the point of use, most scien-
tific and industrial applications involve the operator simply drawing a needed
amount from a storage reservoir which contains a larger quantity of cryoliq-
uid maintained below its boiling point. The reservoir is typically insulated
in large containers known as dewars, which typically have a layer of vacuum
between their reflective walls (see Figure 3). Nevertheless, the stored liquid
evaporates away over time due to radiative heat transfer through the vacuum
layers and extraction points. A typical method of mitigating this effect is
constructing multiply-layered walls within the dewar and/or using specially
designed insulation materials and reflective coatings to lengthen the radiative
and conductive pathways for evaporative heat to reach the cryoliquid. The
rate of volume loss for a specific dewar is dependent on the volume and spe-
cific properties (latent heat of vaporization, boiling point) of the stored liquid
and on the design of the storage dewar, but nonetheless can be significant,
ranging from less than 1% up to 3% total mass loss per day [8].
Figure 3: A dewar’s insulation capacity is determined by the design of its walls.
The use of reflective surfaces and multiple walls with insulating layers of vacuum
drastically decrease the evaporation loss from heat transfer. Image from [9].
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The surface tension of cryoliquids is uniformly low (to varying degrees)
compared to that of water (≈ 72 mN/m). LOX’s surface tension is 13–
16 mN/m at 90–78 K [10, 11], which is comparable with the lowest known
values attributed to room temperature fluids (fluorinated solvents) [3]. Low
surface tension fluids typically exhibit very low contact angles on all sub-
strates and thus, within a dewar, a cryoliquid will fully wet the inner surfaces,
thereby maximizing the heat conduction rate. A super-repellent surface able
to coat the inside of a dewar and maintain the cryoliquid in a non-wetting
state could potentially reduce the amount of heat conducted directly to the
fluid, adding another layer of insulation against evaporative losses. The con-
trolled transportation of cryoliquids, including liquid oxygen, in spacecraft
engines (where LOX is often used as a fuel oxidizer) could also benefit from
reduced wetting in surface interactions within tanks and plumbing.
2.3 Super-Repellent Surfaces
Super-repellent surfaces reported in literature are typically unable to repel
very low surface tension fluids (γ < 20 mN/m), however a recent develop-
ment described by Liu and Kim [3] resulted in successful structural super-
repellency of a perfluorohexane (FC-72) with a surface tension of 10 mN/m.
This super-repellent behavior resulted from the doubly re-entrant topology of
the surface structures (see Figure 4) whose vertical overhangs (also referred
to as ”serifs”) presented effective pinning points for the droplets’ contact lines
in 2D (in 3D, the contact points can travel along the profile’s rim and thus
the surfaces exhibit low roll-off angles and low CAH). Specifically, the verti-
cal serif features on the caps provide the ideal configuration for the surface
tension of the fluid to counteract the wetting pressures (ambient, gravitation,
and Laplacian), as explained in the next section.
Research into these doubly re-entrant geometries performed by Prof.
Sami Franssila’s Microfabrication group at Aalto University has adapted the
fabrication process and yielded similarly structured surfaces. The doubly re-
entrant surfaces utilized in this work were fabricated by Dr. Franssila’s team
in the Micronova cleanroom by the procedures explained in the Methods
section (4) and supplemental information (A). Examples of the structures
utilized in this work (and the evolution of their design) are shown in Figure
5.
There are no cases found in the literature involving non-boiling cryogenic
droplets on repellent surfaces. Thus, the long-term goal of this novel project
is to image and analyze free-standing liquid oxygen droplets in non-boiling
states on super-repellent surfaces. To that end, this thesis describe the de-
sign and fabrication of an experimental setup and the development of mea-
5
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Figure 4: Arrays of doubly re-entrant structures produced by Liu and Kim were
shown to repel low surface tension fluids. Top image shows structure geometry and
cross sections, bottom image shows an FC-72 droplet (γ ≈ 10 mN/m) bouncing on
a sample. Images adapted from [3].
Figure 5: Left to right: Initial samples with 10 µm cap diameters, scalloped side-
wall texture stems from the Bosch etching process. 20 µm cap samples with fluo-
ropolymer coating. Latest samples with improved geometry.
surement methodologies for studying contact angles and evaporation rates
for LOX droplets on doubly re-entrant substrates with varying surface pa-
rameters cooled to LN2 temperatures in inert atmospheres under controlled
environmental conditions. Preliminary testing results from several sample
sets are described, though no free-standing droplets were achieved during
this brief study. Additionally, preliminary analyses from experiments with
highly mobile, non-contacting LOX droplets oscillating on room tempera-
ture substrates in the presence of a magnetic field are presented, utilizing
6
Jared Myren 3 LITERATURE REVIEW & THEORY
the methods developed by Timonen et al. [12].
3 Literature Review & Theory
3.1 Contact Angle Theory and Measurements
The prediction and experimental determination of contact angles for a given
surface-droplet pair are entwined areas of active research with a history of
scientific inquiry stretching back to the 19th century. In this section, a brief
selection of literature and some common methods and models for measuring
and/or predicting contact angles are presented. However, there are many
more modeling and measurement techniques reported in literature, both es-
tablished and recently developed, which are beyond the scope of this work
and not mentioned here.
In the simplest configuration, a homogeneous smooth surface with a small
droplet of pure fluid resting at equilibrium, the contact angle θ for a droplet
is often described by a horizontal force balance (see Figure 6) given by the
Young equation:
γsv = γsl + γlv cos θ, (1)
where γij is the individual interfacial tension (typically in mN/m) be-
tween each of the solid, vapor, and liquid phases. The liquid-vapor interfacial
tension is typically referred to simply as the surface tension γ of the fluid
(assuming the vapor phase is (or is similar to) air).
Figure 6: For an ideal droplet on a perfectly smooth substrate, three forces acting
on the three-phase contact line determine the contact angle: the vapor-liquid, the
solid-liquid, and solid-vapor interfacial tensions. Image from [13].
Rough homogeneous surfaces have apparent contact angles θ∗ dependent
on the surface roughness r (ratio of area in contact with droplet and projected
7
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2D surface area under the droplet). If full contact with the droplet is assumed
(i.e., no air pockets), the Wenzel equation:
cosθ∗ = r cos θ
can predict this apparent angle given knowledge of the smooth-geometry
contact angle for the surface material. When the droplet does not fully wet a
rough homogeneous surface, a version of the Cassie equation can be utilized
[14]:
cos θ∗ = rlocf cos θ + f − 1,
where f is still the wetted surface fraction and rloc is the surface roughness of
only the wetted areas. These values, however, are often difficult to determine
in practice.
For heterogeneous surfaces with defined areas of differing surface energies
(due to chemical or structural differences), the Cassie-Baxter equation is
often used to calculate contact angles:
cos θ∗ = f1 cos θ1 + f2 cos θ2,
where fi and θi are the area fraction and smooth geometry contact angle for
each surface region in contact with the droplet (this equation is valid for a
binary system as written but is easily expanded by summation to larger order
systems). For a structured repellent surface, the second area is assumed to be
the air between the structures with a 180° contact angle, so the C-B equation
simplifies to its original formulation:
cos θ∗ = f1 cos θ1 − f2. (2)
According to Milne and Amirfazli [14], this is a more versatile and ac-
curate formulation of the model for generalized structured surfaces, and it
should be noted that, typically, f1 +f2 > 1 due to the deflection of the liquid
surface (especially relevant to low surface tension fluids such as cryoliquids)
in contact with the air between the structures. The f1 value is often referred
to as the Cassie fraction of a surface. It should also be noted that this
deflection is not solely caused by any external normal forces (gravitation,
magnetic fields, etc.) on the droplet, but also to the Laplace pressure within
the droplet, described by the Young-Laplace equation:
∆P = γ
( 1
R1
+ 1
R2
)
, (3)
where R1 and R2 are the principal radii of curvature for the droplet
(simply the radius in the case of a spherical droplet). This pressure is, in fact,
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typically dominant for small droplets (see the Wetting Transitions subsection
below for more details).
The ubiquitousness of the Cassie-Baxter model has given rise to common
terms of Cassie and Wenzel states in literature (see Figure 7, describing
droplets repelled with a high contact angle on top of surface structures and
droplets that have fully penetrated the structures and are in contact with the
substrate, respectively. It should be noted that intermediate transition states
have also been observed, in which droplets either become partially impaled on
surface structures but do not (immediately) contact the substrate [15, 16] or
wet into a portion of the contacted structures [17](these intermediate states
are typically transient or metastable). The dynamics of wetting transitions
is an active research field.
Figure 7: A droplet (a) suspended on top of surface structures is said to be in a
Cassie state, (b) a droplet with a measurable contact angle that has fully penetrated
the structures is said to be in a Wenzel state, (c) an unstable/metastable droplet
partially impaled onto the structures. Image from [17].
A large debate in the past decade has focused on the overall validity of
the Cassie-Baxter equations, with no general consensus having been reached
as of yet. The crux of the argument stems from experiments performed by
researchers such as Extrand, Gao, and McCarthy [13, 18], in which droplets
were placed onto surfaces such that their three-phase contact lines rested
on regions of differing surface energy than the regions in contact with the
rest of droplet. These experiments showed that the three-phase contact line,
rather than the entire contact area, determines the overall wetting behav-
ior (namely, the contact angle) of the droplet, leading other researchers to
formulate alternative versions of the Cassie-Baxter equations which replace
the concept of area fraction with a calculated approximation of the contact
line fraction [5]. However, this line fraction is difficult to measure accurately
9
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in practice for surfaces not specially designed for such experiments, making
model validation difficult. Additionally, arguments put forth for the validity
of the Cassie-Baxter model suggest that the equations are only valid under
certain assumptions, namely that the droplet size (or, more specifically, con-
tact area) is large compared to the ”wavelength”, or characteristic length,
of the surface structures (or any other heterogeneities) [19, 20]. A thorough
review on this debate provides more detail [13].
3.1.1 Fitting/Prediction Models
It has been long reported that droplets under a certain size can be approx-
imated with a spherical shape for the purposes of volume determination
and contact angle modeling; this size is determined by the capillary length
λc =
√
γ/ρg, (≈ 2.7 mm for water at room temperature, ≈ 1.1 mm for LOX at
90 K) where ρ is the fluid density. However, recent studies have shown that,
especially for low surface tension fluids, this limit is inaccurate and droplets
should be much smaller (pL scale) in order to avoid deformation by gravity
[21, 22]. It should be noted that this approach would invite other, poten-
tially more significant sources of error stemming from droplet evaporation
and deposition feasibility/reliability, as well as necessitating extremely pow-
erful optics for high resolution imaging of such small droplets, all of which
may introduce similar (or larger) magnitudes of error compared to the small
deformations resulting from gravitational forces.
The Young-Laplace model is commonly used to either predict the con-
tact angle for a given fluid droplet on a surface or used to fit the droplet
profile from an experimental image and extract the droplet parameters (size,
curvature, etc.) needed to determine the contact angle. The Young-Laplace
model is derived from the Laplace pressure equation (3), the pressure is
equated to the hydrostatic pressure difference within and outside the droplet
∆P = ∆ρgz, where z is direction normal to the substrate (this assumes an
axisymmetric droplet shape) and ∆ρ is difference in density between the liq-
uid and vapor phases. The curvature values R1 and R2 are rewritten in terms
of 2D Cartesian coordinates, resulting in a differential equation (or an array
of nonlinear partial differential equations), which can be written as [23, 24]:
(∆ρ)gh = γ
[
z′′
(1 + z′2)3/2
+ z
′
(1 + z′2)1/2
]
, (4)
where h is the z-coordinate at the droplet apex. Solutions to the Young-
Laplace equation are numerical approximations, as no closed form solution
exists. The first such numerical solution came from Bashforth and Adams [21,
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24], who rewrote the Young-Laplace equation in dimensionless form (scaled
with the capillary length) in an x-z coordinate system with the origin at the
droplet apex with Z = z − h, b being the radius of curvature at the apex,
and φ being the angle seen in Figure 8:
1
R1/b
+ sinφ
x/b
= 2 + βZ
b
, (5)
where, β = ρgb2γ−1 is known as the Bond (or Eo¨tvo¨s) number. In 1883,
Bashforth and Adams computed numerical solutions (by hand) of values of
x/b and z/b for large ranges of values of φ and β [25].
Figure 8: The coordinate system utilized by Bashforth and Adams in their for-
mulation of solutions to the Young-Laplace equation. Image from [21].
In practice, different methods and models can produce calculated or pre-
dicted contact angles contradicting one another, as they often rely on human
intervention to locate droplet contact points, baselines, or curvatures from
experimental images. Other methods of predicting contact angles have been
developed, though none have completely eliminated errors from human per-
ception or proven useful for a wide range of fluids and surface types. One
study has even derived an algorithm for choosing the most appropriate con-
tact angle determination method for any given experiment [26].
A common modern method for fitting droplet profiles with the Young-
Laplace model is the axisymmetric drop shape analysis, or ADSA, technique.
In this technique, the experimental droplet profile is detected by the user or
with software and compared to the ideal Young-Laplacian fit of the droplet.
The sum of the squares of the differences between the experimental profile and
model-generated droplet profile is then minimized by a nonlinear regression
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procedure, yielding an optimal fit of the model profile to the experimental
data and, finally, an accurate calculation of the contact angle. This method is
not drop size dependent and does not require information about the droplet’s
apex, which can be difficult to determine for low surface tension fluids and/or
large droplets. Many variants of the ADSA technique have been developed
for different experimental configurations [27, 28].
A method developed by Srinivasan et al. [29] at MIT is based on a pertur-
bation solution to the Bashforth-Adams model in which the nondimensional-
ized B-A equation is rewritten as two differential equations for the horizontal
and vertical droplet edge coordinates. This technique requires only the max-
imum height and width of the droplet and produces comparably accurate
contact angle determinations to the original exact Bashforth-Adams formu-
lations, provided the Bond number is low enough, that is, that the droplets
are not too large, nor is the surface tension too low. While the inputs still
require image analysis techniques, the height and width are significantly eas-
ier to determine than the exact contact points for droplets with high contact
angles for reasons explained in the next section.
Yet another technique, developed by Santini et al. [30], utilized a 3D mea-
surement method based on x-ray tomographic imaging of droplets. In this
method, a rotating sample stage was placed in a typical measurement config-
uration, but imaged with an x-ray source and detector instead of visible light
and a standard camera. A 3D model (see Figure 9) was then reconstructed
from 2D slices of scanning data and contact angle determinations were made
from cross-sectional images.
Figure 9: X-ray tomography can yield an accurate 3D model of a sessile water
droplet, allowing for cross-sectional contact angle averaging for decreasing mea-
surement uncertainty. The color scale indicates error (max: 3.85%) in the Young-
Laplace model fit to the experimental droplet profiles. Image adapted from [30].
The cross sectional droplet profiles were fitted with the ADSA method
[30], utilizing the Young-Laplace equation written in arc-length coordinates.
This 3D technique allows many contact angle data points to be collected
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for each individual droplet and averaged to produce more reliable measure-
ments, while at the same time providing a measure of the axisymmetry of the
three-phase contact line, potentially useful for mapping wetting behavior on
regularly structured surfaces. Because any 2D analysis technique can be used
for the contact angle determination, this method could act as a complement
to many of the other approaches mentioned here.
3.1.2 Measurement Techniques & Limitations
Sessile droplets are typically analyzed by capturing images of them from the
side under high contrast backlighting. The first studies [31] of contact angles
involved platinum wires, lamps, and hand-held protractors; the experimental
results relied solely on the judgment of the operator for accurate measure-
ments. Current measurement techniques that utilize free-standing sessile
droplets are conceptually quite similar to those early experiments, although
the accuracy and precision of the instrumentation has improved greatly. Re-
sulting images and videos can be analyzed during the experiment and/or
afterwards by image analysis techniques and fit with theoretical models such
as the Young-Laplace, Bashforth-Adams, or other models. This technique
has proven to be acceptably accurate and repeatable (typical uncertainty of
2°) for droplets exhibiting contact angles below 160°. However, these methods
often still rely on some user input and imperfect image analysis techniques
for edge detection and location of the droplet contact points and/or baseline
for determination of contact angle.
It has been shown that for super-repellent surfaces supporting contact
angles above 160°, that while a 2° accuracy level is possible within an in-
dividual method, comparisons between various methods yielded significant
disagreements [29, 32, 33], with the incongruities worsening with higher con-
tact angles. For very large contact angles( θ∗ > 170°), it becomes exceedingly
difficult to accurately measure contact angles from images of sessile droplets.
Many sources of error must be accounted for in these measurements: image
resolution limits, diffraction-based optical defects in images (the space near
the contact point can be so thin so as to cause the light passing through to be
diffracted), and, importantly, the effect of local contact line deformations [5].
Another common source of measurement error for droplets with high contact
angles (θ∗ > 160°) is that of substrate occlusion of the contact points caused
by minute levels of tilt of the sample stage [33]. It is extremely difficult to
perfectly align the camera, sample stage, and light source in order to image
a droplet from the side and in practice most images are taken with the sub-
strate tilted towards the camera at a small relative angle to avoid blurring
of the contact line by the out-of-focus foreground of the surface structures.
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An example of a typical image of a sessile droplet is shown in Figure 10. In
the case of a stage tilted towards the camera, the image lighting needs to
provide high enough contrast between the out-of-focus substrate behind the
droplet base and the contact points in order to facilitate accurate location of
the droplet baseline.
Figure 10: A typical high contrast image of a sessile droplet (ethanol here on
a doubly re-entrant surface) allows for edge detection, model fitting (here by the
Young-Laplace model), and contact angle determination.
These potential error sources highlight the inherent limits of techniques
reliant on image analysis and the importance of camera resolution for high
contact angle measurements with sessile droplets. When a typical image
is generated, each pixel contains a value, the scale of which depends on the
image type; the simplest, a gray-scale 8-bit image, contains pixels with values
ranging from 0 to 255. An edge in the image will not, however, be shown
as drastic single-pixel value change, a gradient will be present, especially
if the background is not the light source directly (as is the case when the
contact point is back-shadowed by the tilted substrate) and a threshold value
supplied manually or calculated automatically by a wide variety of algorithms
in analysis software will arbitrarily determine the location of the droplet edge.
The problem of localized contact angle variation is important especially
for structured surfaces with large surface wavelengths, as the contact angle at
the microscopic level near the contact points depends on the position of the
camera, that is, whether the focal plane of the camera highlights a structure
or a gap between the structures at the contact points. In the samples utilized
in this thesis, the structures are comprised of silicon oxide (SiO2), a naturally
hydrophilic material. Liu and Kim showed [5] that the local contact angle
on a hydrophilic surface can differ significantly from the apparent contact
angle of the droplet on a structured surface comprised of the same material,
making determination of the appropriate contact point in an image obviously
difficult. This phenomenon may also play a role in wetting transitions and
the dynamics of the receding contact angle, as illustrated in [5] and Figure
11.
Many sources of error mentioned here result from difficulties in accurately
locating edges, contact points, and/or droplet baselines, and, for large con-
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Figure 11: For structured repellent surfaces composed of high surface energy
materials, the apparent and local contact angles can vary significantly, making
accurate comparisons of data difficult. Image adapted from [5].
tact angles, a small error in contact line/point determination can lead to
a significant mis-measurement of a droplet’s apparent contact angle. The
potential magnitude of the uncertainty resulting from inherent limitations
of image analysis techniques is illustrated for a water droplet resting on a
superamphiphobic surface in Figure 12. It is obvious that comparisons of
high contact angle measurement data between experiments utilizing differ-
ing cameras, light sources, and/or software can be unreliable, even when
testing similar fluids and surfaces.
Figure 12: For droplets with θ > 170°, small errors in contact point location can
result in significant uncertainty in θ determination. Image from [32].
Further complications arise from the small droplet sizes used in most
experiments because, while many contact angle fitting and prediction models
assume small droplet sizes (sub-millimetric in diameter), validating these
models requires powerful optics to reliably image such small droplets at high
resolutions. In this work, contact angles are declared only as approximations
due to the impracticality to account for all significant sources of error with
our setup.
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3.2 Evaporation Theory
The evaporation of sessile droplets from various surface types is the subject
of a large body of literature reaching back over a century [34]. Recent work
has focused on repellent and super-repellent surfaces, especially on nanos-
tructured surfaces [35]. Not only does studying evaporating sessile droplets
shed light on the substrate’s thermal properties, it also provides an alter-
native method of determining the dynamic receding contact angle without
disturbing a droplet’s surface with a needle or requiring the substrate to be
tilted accurately (to determine the start of rolling movement and thus the
roll-off angle).
The evaporation process is not easily modeled for Cassie state droplets
and is highly dependent on environmental factors such as ambient temper-
ature, pressure, and the properties of the fluid and atmosphere. The flux
of evaporating fluid is non-uniform across the droplet’s surface area (except
for droplets with vertical contact angles (θ = 90°)) due to the tempera-
ture gradients resulting from thermal interactions with the substrate and the
constraints of droplet-surface geometry for high contact angles [36, 37], as
illustrated in Figure 13. The flux near the droplet-surface contact line is
predicted to be larger than the average flux for droplets with low contact
angles, while it is smaller than average for droplets exhibiting high contact
angles. Direct experimental measurement of the local flux profile is difficult
as it requires accurate determination of the liquid vapor concentration gra-
dient locally at the droplet edge. The dynamics of this flux and the resulting
pressure gradients can lead to interesting phenomena [38].
For any repellent surface (smooth or structured) with a measurable con-
tact angle hysteresis for a given fluid, droplet evaporation occurs in two
distinct stages: constant contact radius (CCR) and constant contact angle
(CCA). The CCR stage begins as soon as the droplet is deposited. The
three-phase contact line is effectively pinned to the surface and the contact
angle decreases linearly as the droplet evaporates. For an ideal droplet on
a flat surface, when the contact angle equals the receding angle, it holds
constant and the CCA stage begins. The contact line then recedes axisym-
metrically, diminishing the droplet’s contact area. Due to the reduced heat
transfer through the decreased contact area, the droplet begins evaporating
more slowly during this stage. Several studies [35–37, 39] have presented
models for predicting contact angles, volumes, and contact radii/area during
both stages based on vapor-diffusion models derived from the Young-Laplace
equation in toroidal coordinates.
On periodically structured surfaces, the CCA stage is characterized by
stick-slip motion, in which the receding contact line ”sticks” (pins) on each
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Figure 13: The evaporative vapor surface flux from a droplet is nonuniform. The
flux gradient is dependent on heat transfer from the substrate and is predicted to
be lowest at the contact line. The size of the droplet and its contact angle controls
the magnitude of this gradient. Left image from [39], right from [36].
structure for a short time before ”slipping” in a quick jump to the next
structure. Stick-slip motion is easily identified from experimental data, as the
apparent contact angle does not stay constant but rather vacillates sharply,
as illustrated in Figure 14. This behavior was observed with water droplets
deposited onto the doubly re-entrant surface structures in this work as well.
Figure 14: Left: A droplet may evaporate in one of two stages (or both in series),
constant contact radius (CCR) or angle (CCA). Right: A receding contact line
moving across a surface with large enough structures (significant compared to the
droplet’s characteristic length) will move in a discrete fashion as the line adheres
to a structure, is pulled across it, and jumps to the next structure. Left image from
[39], right from [5].
Droplets on super-repellent surfaces have been shown to evaporate more
slowly than theoretical predictions which hold for normal repellent substrates
[37], likely due to evaporative cooling of the droplet locally at the contact line.
The impact of this effect on experimental data is determined by the properties
17
Jared Myren 3 LITERATURE REVIEW & THEORY
of the surface and fluid and can be mitigated by applying a simple correction
factor to prediction equations [36]. The evaporation rates of droplets on
repellent and super-repellent surfaces are not linear and droplet volume over
time has been shown [36] to generally follow a relative power law:
V ∗2/3 = 1− t∗, (6)
where V ∗ = V/Vinitial, t∗ = t/ttot, and ttot is the total evaporation time. If
the absolute volume data is linearized by this power law, the resulting slope
has been found to depend on the Cassie fraction of the surface [39], that is
to say, surfaces with lower Cassie fractions exhibit slower heat transfer rates
and thus longer droplet lifetimes. This trend was also observed with water
droplets on the doubly re-entrant surfaces studied in this work.
3.3 Wetting Transitions
A sessile droplet at equilibrium supported in a Cassie state on a structured
surface can undergo a wetting transition to a Wenzel state or even completely
wet the surface (θ∗ ≈ 0°) by a variety of mechanisms. Dynamic transitions
can occur with sliding droplets, as they encounter a defect or the three-phase
contact lines become highly deformed.
Droplets in ambient conditions exert pressure on a surface due to the
Laplace pressure, calculated from the Young-Laplace equation (4) (or ap-
proximated for very small droplets by ∆p = 2γR−1, where R is the radius of
curvature at the droplet’s apex), which increases as the droplet evaporates.
Large droplets also exert non-negligible pressures from the gravitational force.
The pressure required to initiate a wetting transition on a structured surface
is known as the break-in pressure and, according to Liu and Kim [3], can be
calculated for a square unit of four doubly re-entrant structures with serif
thickness t (see Figure 15) by
∆pmax =
γpiD′
P 2 − piD′2/4 sinα, (7)
where D′ = D − 2t is the diameter of the contact line at the bottom of
the cap’s serif, P is the structure pitch, and α is the angle of the serif from
the horizontal (α = pi/2 for perfectly vertical serifs). The critical pressure
for a generalized fluid droplet on a generalized surface has been studied, but
expressions found in the literature [1, 4, 15, 16, 32]) differ from one another
(and even contradict in some cases). An inherent difficulty in experimentally
determining this pressure is the sensitivity of such tests to surface defects
and impurities, as wetting transitions do not need to be triggered by surface
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conditions under the entire contact area; a single, localized defect can trigger
a localized wetting transition which then causes a cascading wetting reaction
for the entire droplet.
Figure 15: The pressure acting on one unit cell of four structures can be used to
calculate the pressure limit for a single structure. Image from [3].
This Laplace pressure can cause a wetting transition either by forcing im-
palement of the droplet onto the surfaces or by deflecting the inter-structure
droplet surface far enough to contact the substrate [16]. In the former case,
additional pressure (though lower than the initial transition pressure) is re-
quired for the droplet to reach the substrate and fully wet the surface, this
depends on the wetting properties of the structure sidewalls. The latter
case is only common for structures with large pitch and small height, as the
vertical deflection is relatively small for most fluids.
Some studies [2, 17] have shown that, for higher surface tension fluids,
super-repellent surfaces can prevent a wetting transition from occurring even
when the droplet evaporates entirely. Liu and Kim [3] showed that wet-
ting transitions occurred approximately at the expected droplet size and
Laplace pressure (60–65 Pa for 100µm array pitch) for perfluorohexane (FC-
72) droplets on doubly re-entrant structured surfaces. However, droplets im-
pacting on surfaces will exert higher local pressures than static droplets and,
therefore, falling droplets which are either too large to exert high Laplace
pressures or too small to exert large pressures from gravitational forces at
rest can undergo wetting transitions on structured surfaces upon impact.
Such dynamic droplets are often characterized by their Weber (We) and/or
Reynolds (Re) numbers to predict fluid dynamical effects and droplet defor-
mations during impacts. The Weber number
We = ρDv2/γ,
where D is the droplet diameter and v is the impact velocity, relates a
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droplet’s surface and kinetic energies, whereas the Reynolds number
Re = ρDv/η
relates the impact velocity to the droplet’s viscosity.
A phenomenon observed during preliminary manual testing with droplets
of various solvents (dodecane, hexane, etc.) in this study was a ”timed”
wetting transition. A droplet would be deposited in a Cassie state and come
to rest for a consistent duration (specific to that fluid and on the scale of
seconds) before suddenly transitioning to a Wenzel state. The mechanism
behind this phenomenon is unknown and the issue seems unaddressed in
literature. A hypothesis which could be tested in future work is that the
liquid is slowly wetting around the structures’ surfaces and down to the
substrate by means of a thin film spreading slightly faster than it evaporates.
Another hypothesis is that the evaporated fluid vapor from the underside
of the droplet is condensing onto the surfaces between and below the re-
entrant structures and, when enough fluid has been deposited, forming a
wetting pathway to the substrate, inducing a wetting transition. The latter
mechanism is illustrated in Figure 16 and has been suggested by one study
as feasible [32].
Figure 16: The evaporating fluid from the underside of a Cassie droplet could
potentially condense on the substrate and structures, eventually forming a wetting
pathway and inducing a wetting transition to a Wenzel state. Image from [32].
4 Experimental Methods and Materials
4.1 Setup Design
Imaging LOX droplets in non-boiling contact with LN2-cooled surfaces re-
quires that those surfaces be free of condensed liquids and, more importantly,
ice, as these impurities can induce wetting transitions. The experiments pre-
sented in this work were carried out in a lab-built environmental chamber
flushed with dry inert gas (nitrogen in this work, though any gas is possible).
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This test environment mitigated both the problems of ice formation on the
sample and droplet generator surfaces and also prevented the condensation
of non-nitrogen atmospheric components (all have boiling points above ni-
trogen’s) onto the sample surfaces. The existing environmental glove boxes
in our lab are oxygen-free and thus were unsuitable for our experiments for
obvious reasons. A simple glove box was therefore designed and fabricated
in-house with the aid of the Nanotalo Machine Shop personnel. Nitrogen was
chosen as the atmospheric gas due to its low cost, ease of availability, and
sufficiently low boiling point (i.e., it will not condense onto surfaces cooled
to 80–85 K). Only two other gases are feasible choices for the chamber at-
mosphere if cooler temperatures are desired in future works: neon (boiling
point 27.07 K)[40] and helium (boiling point 4.22 K)[41].
Industry glove boxes of modest design still represent large costs for re-
search labs (at least e1500 for suitable models, not including gloves), so a
design based on the approach presented by [42] was utilized as a starting
baseline. The total cost of our chamber is unknown as most of the materials
were gathered from existing inventory, however. Special components (the
sealed glove ports and oxygen shroud) were designed using FreeCAD and
SolidWorks modeling software and subsequently 3D printed in ABS with an
in-house MakerBot Replicator 2X 3D printer. Clear, 8 mm thick polycarbon-
ate was used for the chamber walls for easy visual evaluation of experiments
and to allow for external lighting and imaging. Simple vacuum plumbing
components (Swagelok) were utilized for atmospheric inlet and outlets. The
top panel was removable and a rubber strip created a seal with the chamber
walls, providing ease of access to the experimental space for placing and/or
removing larger objects. Simple tensioning straps were utilized to ensure the
seal integrity even under positive internal pressure. The base and sidewalls
were fastened and sealed at the edges with acrylic-based adhesive and wood
screws. Figure 17 shows the chamber design and a photo of the experimental
setup.
Typical droplet deposition techniques involve drawing a measured amount
of room temperature fluid from a reservoir or syringe and depositing a droplet
from a needle. However, this method is unworkable for cryoliquids unless the
entire deposition system is kept in zero humidity at cryogenic temperatures,
which would require a fully cooled cryostat. It was not possible to construct
or purchase such a cryogenic chamber of the necessary size within the bud-
get or time-frame of this project, so an alternative deposition method was
devised. Liquid oxygen was chosen as the test fluid for several reasons: a)
The liquid stable temperature range is wide enough (54–90 K) and can be
easily reached with widely-available LN2 cooling fluid, b) LOX is weakly
paramagnetic and allows for magnetic manipulation of mobile droplets, and
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Figure 17: Top image is the initial design, bottom is the fabricated chamber.
Nitrogen dewar for substrate cooling not pictured. The chamber was designed in
Solidworks and FreeCAD and fabricated from polycarbonate sheeting. The glove
ports were designed in Solidworks and 3D printed from ABS. All mated surfaces
at potential leak sites are sealed with Teflon tape, tack, or both. See the appendices
for operating instructions and design details.
c) it is relatively affordable and safe to handle in small quantities (see the
supplemental information for safety precautions).
The LOX droplets were generated by controlled condensation onto a LN2-
cooled conic copper surface, based on the method described by Que´re´ [43],
except the LOX was condensed from instrument-grade purity oxygen (instead
of ambient air). A simple in-line valve was used manually to control the
oxygen input flow rate. A typical droplet measured in this work had a radius
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of 0.5–1.5 mm (about 2–5µl ). The condenser apparatus design can be seen
in Figure 18 and consists of a machined copper cone with a 3–2 mm wall
thickness (decreasing from flange to tip) resting within a cup-like shroud (3D
printed from ABS). The oxygen displaces the gas in the shroud (nitrogen
during experiments in the chamber) and condenses onto the cold copper
surface. The wetting film of (now liquid) oxygen then travels through the
≈ 1.5 mm gap between the cone surface and the underside of the condenser
cup and coalesces as a droplet at the sharp tip of the cone. The geometry of
the tip self-regulates the droplet size under a constant pull force (defined by
gravity plus any magnetic field present). It was noted that the distance of the
condenser tip from a magnet drastically affected both the LOX droplet size
and deposition rate given a constant supply of oxygen gas (or when operated
in ambient air). An initial problem of excess oxygen gas flow resulting in
condensed oxygen on the cold sample surfaces prior to droplet deposition was
successfully mitigated by 3D printing and installing baﬄes inside and outside
the shroud. Absorbent (and regeneratable) molecular sieve material (Zeolite)
was also placed into the plastic shroud to absorb humidity introduced by
the oxygen flow, resulting in a noticeable reduction of ice formation on the
generator cone surface.
Figure 18: The droplet condensation generator cone and shroud were designed
in FreeCAD. The cone was machined from a copper billet and the shroud was 3D
printed from ABS. The oxygen condenses onto the LN2-cooled cone and coalesces
at the tip as a droplet. 3D printed baﬄes (not shown) were later placed inside and
outside the shroud to minimize oxygen condensation on substrates.
4.2 Doubly Re-entrant Structures
The doubly re-entrant surfaces used in this work were fabricated on sili-
con wafers in the Micronova cleanroom. A deposited layer of SiO2 was
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first patterned to create the array geometry by standard wet photolitho-
graphic processing. An anisotropic inductively-coupled plasma reactive ion
etch (ICP-RIE) step then created circular islands of silicon, the height of
which (≈ 1 µm) determined the cap height. SiO2 was then again isotropi-
cally deposited by plasma enhanced chemical vapor deposition (PE-CVD) to
form the 200–300 nm thin serif shapes of the doubly re-entrant caps. The ar-
rays were patterned and etched again with another anisotropic RIE oxide etch
step to isolate the caps from one another, followed by a deep ICP-RIE silicon
etch to form the full height of the pillars. A final isotropic silicon etch step
then reduced the pillar diameters until the stems were significantly thinner
than the caps, completing the process. A more detailed overview of this pro-
cess and the adjustments made to it during the course of this project can be
found in the Supplemental Information (A). Additionally, one batch of 10µm
cap diameter samples were coated by CVD with a fluorinated silane self-
assembled monolayer (SAM) coating with nanoscale thickness. The Cassie
fractions of the samples were chosen to encompass a balance between the
increased break-in pressure resistance of tightly packed structures and the
higher contact angle repellency of lower Cassie fractions (predicted by the
Cassie-Baxter model). The crucial dimensions of the serif cap structures were
checked by ellipsometry measurements and by cross-sectional cutting of the
pillar structures by focused ion beam milling (FIB), see Figure 19.
Figure 19: A cross-section (cut by FIB) of an early 20 µm cap structure from an
isometric view (the top of the structure is a flat semicircle).
The fluoropolymer coating provided no apparent benefit in repelling LOX
droplets, however it is feasible that this coating could reduce the rate of ice
formation on the sample during cooling. Cap diameters of 10 and 20 µm with
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array pitches of 20–60 µm and 80–120 µm, respectively, were fabricated and
tested. It is noteworthy that the repellent cap structures are comprised of an
intrinsically hydrophilic material, SiO2, and the repellent properties of the
surface stem entirely from the geometries of the arrays (pitch) and the struc-
tures (vertical overhangs) themselves. This is due to the pinning behavior of
the three-phase contact line leading to more ideal surface tension force vec-
tors resisting the wetting pressures (Laplace, gravitational, magnetic, etc.)
on different geometries, as illustrated in Figure 20.
Figure 20: Doubly re-entrant structures are an ideal shape for repelling fluids
due to the vertical direction of the surface tension force vector at the pinning site
compared to that of standard posts or singly re-entrant structures. Image from [3].
The sample substrates (silicon wafer chips) were cooled using a microscopy
cryo-stage (Linkam Scientific) thermal element removed from the stage cas-
ing. Liquid nitrogen flow from a small dewar placed in the chamber and
a controllable resistive heater in the element provided accurate tempera-
ture monitoring and control. The actual surface temperature of the samples
could not be measured, however silicone thermal grease was utilized to ensure
good thermal contact with the element. The reason the surface temperature
could not be determined directly is twofold: infrared camera thermometers
typically do not provide accurate readings at cryogenic temperatures and
the sample surfaces used here are too delicate for mechanical contact by a
thermocouple lead. However, in theory, a well-calibrated, surface-mounted
contact thermocouple could be utilized in future experiments as long as the
sample surface is robust enough or is large enough to allow for direct contact
with the sensor outside the structured area (current sample designs did not
allow this). The total cooling capacity was confirmed, however, by cooling
the element to 77 K and observing the condensation of stable liquid nitrogen
on the sample surface from the atmosphere of the glove box, followed by its
evaporation upon raising the set point temperature to 79 K. When deposit-
ing the liquid oxygen droplets, the surfaces were held at approximately an
80–85 K set-point both to avoid nitrogen condensation onto the surface and
to quicken the evaporation of liquid oxygen upon a test failure (i.e., transi-
tion to a complete wetting state) in order to more quickly perform additional
tests.
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4.3 Measurement Procedure
Static measurements of contact angle (and confirmation of repellency) were
attempted by depositing LOX droplets from the smallest height possible to
reduce the impact pressure but with enough separation to allow for droplet
”pinch-off” from the generator tip. CAH measurements were performed with
droplets attached to the condenser tip, the advancing angle was measured by
growing the droplet with a constant supply of oxygen until the contact radius
expanded and the receding angle was measured similarly during droplet evap-
oration. Images and video were obtained from either a remotely controlled
digital microscope (Dinolite AD7013MTL) inside the chamber or with a high
speed camera (Phantom Miro 310) mounted outside the chamber. An ad-
justable, low heat, LED light diffusion panel was placed opposite the camera
outside the chamber to provide consistent high contrast droplet back-lighting.
Due to the lack of successfully repelled free-standing liquid oxygen droplets,
evaporation experiments were later carried out utilizing water droplets in-
stead, using a Theta (Biolin Scientific) contact angle meter with a digitally
controlled syringe pump to measure the contact angle and evaporation rates
of freestanding droplets in ambient conditions. Five tests per sample pitch
were performed with the 20µm cap diameter samples. The droplet volumes
and contact angles were recorded from the resulting image sequences using
a custom Matlab script and the Attension software coupled to the contact
angle meter, respectively. In order to best simulate the testing conditions
used for liquid oxygen, the sample surfaces were heated to 80–90 ◦C. The
surface temperature was monitored with an FLIR i5 infrared thermometer
to ensure a constant and uniform substrate temperature during testing.
5 Results & Discussion
5.1 Non-Boiling Super-Repellency
Initial attempts at obtaining free-standing non-boiling liquid oxygen droplets
were performed with 10µm cap diameter samples, with pitches of 20, 30, 40,
50 and 60 µm, both with and without a fluoropolymer coating. Experiments
were recorded both with a digital microscope (Dinolite AD7013MTL) at 5–
20 frames/sec and with a high speed camera (Phantom Miro) at frame rates
between 1000–10 000 frames/sec. Unfortunately, no sample from this set was
able to support a Cassie state for a LOX droplet, even when the droplets were
not free-standing (i.e., still attached to the droplet generator tip). All test
failures consisted of an immediate and complete wetting of the substrate, no
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Wenzel states were observed. Still frames of a LOX droplet wetting a sample
surface from a high speed video can be seen in Figure 21. The transition to a
completely wetted state (θ ≈ 0°) was instantaneous upon contact, determined
to the limit of the high speed camera’s framerate (10,000 frames/sec in this
case). It can be seen in Figure 21 (and in the videos located in the supporting
information) that the wetting LOX droplets do not boil upon contact with
the sample, indicating the surfaces (including the oxide caps) are being cooled
to a sufficiently low temperature (< 90 K).
Figure 21: Frames from a 10,000 fps high speed video showing a LOX droplet
completely wetting a 10 µm cap diameter sample cooled to ≈ 80 K upon contact.
Elapsed time between the frames is approximately 60 ms.
Another set of samples containing re-entrant structures with approxi-
mately twice the height compared to all previous samples and caps of 20µm
diameter in arrays with pitches of 80, 100 and 120µm was fabricated and
tested with limited success. Two non-free-standing LOX droplets were suc-
cessfully supported in a Cassie state on a small region of a 100µm pitch
sample, allowing for observations of both a droplet expanded until failure
and a droplet allowed to evaporate until it was drawn off of the surface
by surface tension back onto the generator cone. Videos recorded by the
digital microscope allowed for an approximate manual determination of the
advancing and receding contact angles and thus the CAH. Figure 22 shows
a still-frame from each successful test along with the approximate contact
angles (measured manually due to the irregular shape of the liquid column,
that is, no algorithmic fit could be made). The apparent advancing (θadv) and
receding (θrec) contact angles were measured to be 155–160° and 140–145°,
respectively, the CAH is therefore approximately 10–20°, however this is only
suggestive and more data from less error-prone measurement techniques are
needed.
Additionally, the measured receding contact angle may be misleading and
tests using a free-standing evaporating droplet are required, as the droplet
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Figure 22: Frames from digital microscope videos showing two successfully re-
pelled (but not freestanding) LOX droplets on a 20 µm cap sample (100 µm pitch)
both during expansion (left) and evaporation (right), allowing a manual approxi-
mation of the advancing/receding contact angles (θadv/θrec), respectively.
generator tip may distort the droplet surface to such a degree as to exert
force on the contact line during evaporation. The advancing contact an-
gle should be more reliable as the pressure from the volume expansion would
likely outweigh any forces resulting from the tip’s deformation of the droplet’s
surface, however a recent study [6] has suggested that advancing contact an-
gles are droplet size dependent and not reliable for characterizing structured
repellent surfaces. It should be noted that the successful repulsion of non-
free-standing LOX droplets was not able to be repeated (even with the same
sample surfaces) during later testing for currently unknown reasons, which
are speculated on in the next section.
It was determined by observing the sample surfaces under specific lighting
conditions that certain regions of the samples were visually distinct from the
rest of sample surface (see Figure 23). Further investigation by SEM revealed
that the majority of the samples’ array areas were missing the stem structures
entirely due to an over-extensive final isotropic etch step, as described in the
previous section. Manual testing with water and hexadecane droplets showed
a clear distinction in wetting behavior between these areas. The areas with
the missing structures were obviously unable to support even Cassie states
for water droplets and were completely wetted by all tested fluids.
However, it should be noted that the intact regions of these samples
did support stable Cassie states with water droplets, ethanol droplets (γ =
21 mN/m), and even FC-72 (when deposited gently) in ambient conditions.
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Figure 23: The left image shows the visible difference between regions with and
without intact structures, the right is an SEM image of the border between these
regions where caps are visible more to the right.
While no quantitative differences were seen in the limited contact angle data
collected for such fluids between Cassie fractions, it was noted that manu-
ally depositing Cassie state droplets of low surface tension room-temperature
fluids was more easily accomplished with the samples of medium Cassie frac-
tions (100 µm pitch, 20 µm cap diameter).
5.1.1 Possible Causes of Cassie State Support Failure
The cause(s) for the failure of the 10µm cap samples to support a liquid
oxygen droplet in a Cassie state and the failure of the initial 20 µm samples
to support a free-standing Cassie droplet are not apparent as of yet. There
are, however, several hypotheses which could be confirmed or dismissed if a
successful sample would eventually be fabricated. First, the initial sample
pillars had comparatively short heights (≈ 25 µm) which could have caused a
descending droplet to exert a pressure higher than the break-in pressure and
contact the substrate in between pillars, thus initiating a wetting transition.
While the break-in pressure limit described by equation 7 indicates the pillar
heights were more than sufficient to support LOX droplets of the volumes
utilized [3], it is possible that an impacting droplet of such a low surface ten-
sion fluid could generate enough pressure locally at the three-phase contact
line on the pillars’ top surfaces for the droplet to impale. Also, due to the
irregular shapes and many defects seen in SEM images around the inner cap
surfaces in the 10µm cap structures, the droplet may not have needed to wet
much further than the bottom of the re-entrant serif to encounter a defect
and initiate a wetting transition.
Defect concentration may have also played a role in both the initial
(10µm) and later (20 µm) cap diameter samples, but the pillar height was
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nearly doubled and the etching process times were adjusted in the later sam-
ples to ensure the structure arrays were free of the major defects seen in the
initial samples (see Figure 24a). Figure 24c shows a representative doubly
re-entrant cap from a later sample, only a slight ”waviness” in the re-entrant
serif can be seen. However, it seems unlikely, due to the smoothness and
relatively small magnitude of the irregularity, that this slight defect alone
would induce a wetting transition.
(a) A sheared 10 µm cap. (b) An early 20 µm cap. (c) The latest 20 µm cap .
Figure 24: The presence of visible defects in earlier samples (a) was largely
reduced in later samples. Initial defects were caused by non-optimal parameters
during etching processes, while later defects’ (damaged caps (b) and wavy serifs
(c)) causes are unknown.
Another hypothesis for the lack of Cassie state support suggests the liquid
oxygen might be spreading along the oxide cap surface (due to the low contact
angle (θ ≈ 0°) of LOX on SiO2) and around the re-entrant structure, reaching
the silicon post and traveling down to the substrate, creating a liquid path,
the flow of which could induce a wetting transition. While this may seem
unlikely due to the rapid evaporation rate of the LOX droplets, it cannot be
discounted without further testing. A final hypothesis is simpler, suggesting
merely that the environmental chamber is unable to reach a low enough
humidity level and trace amounts of ice crystals are present on the surface,
in effect dramatically increasing the defect concentration of the samples and
leading to a higher likelihood of wetting transitions. It should be noted that,
while the fluoropolymer coating appeared not to have a noticeable effect on
the ability of the surfaces to repel LOX droplets, it is possible that the latter
samples, which exhibited much fewer visible defects, could benefit from such
a coating due to its potential ice-phobic properties.
The one-time success in repelling non-free-standing LOX droplets indi-
cates the potential this experimental design holds for future research efforts.
Further testing is required to confirm or discount any hypothesis regarding
the observed wetting failure mechanism(s).
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5.2 Water Droplet Evaporation
Water droplets were deposited onto and evaporated from the 20µm cap sam-
ples’ intact regions to confirm the expected pattern of increased evaporation
time (i.e., slower heat transfer) with decreasing contact area. Water was
utilized due to the lack of achievable free-standing LOX droplets using these
samples. Figure 26 shows the evaporation curves and the linear result of scal-
ing the volume data by equation 6, as suggested by Dash et al. [36] and Figure
25 shows the evolution of the contact angle during droplet evaporation. The
latter figure displays the expected behavior of the contact angle decreasing
until reaching the receding angle, at which point the contact radius begins to
shrink and the well-known ”stick-slip” behavior begins. Data shown in the
plots was recorded only for first 90% of droplet volume loss in order to avoid
the larger uncertainty inherent in analyzing very small droplets.
Figure 25: The two stages of evaporation (CCR and CCA) are apparent for a
representative water droplet on a 100 µm pitch sample, as is the vacillating CA
indicative of stick-slip motion in the CCA stage.
The Cassie fraction was determined by simply defining the area fraction
of solid material on the sample as usual for any structured surface on which
Cassie states are supported by the presence of air pockets, as described in
section 2. However, with doubly-re-entrant samples, the total area in contact
with the fluid also includes the outer vertical surface area of the re-entrant
serif shape. This additional area, however, comprises just 6.3× 10−3 µm2 per
20 µm diameter cap, which is negligible compared to the area of the cap’s
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top surface, and thus can be safely ignored. Indeed, the serif’s short height
(see Figure 19 in the previous section) is designed to be ≈ 1 µm in order to
avoid significantly changing the surface’s Cassie fraction. The effect of the
overall surface Cassie fraction on the total evaporation time is illustrated in
Figure 27. The height, thickness, and vertical angle of the serif structure are
all crucial aspects of the doubly re-entrant design’s repellent capacity.
Figure 26: The evaporation of water droplets was recorded, the relative volume
change follows a 2/3 power law, which collapses the data in the right plot.
Figure 27: Total evaporation time vs. sample Cassie fraction. Error bars are
standard deviations from the mean for three tests on each sample.
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5.3 Conclusions
In this work droplets of liquid oxygen (LOX) have been deposited on cooled
surfaces patterned with arrays of super-repellent doubly re-entrant nanos-
tructures and imaged. The bulk of this work focused on designing and
fabricating the experimental setup and developing the test methodologies,
preliminary experiments were also performed and the results were presented.
No free-standing, non-boiling LOX droplets were observed, however two non-
free-standing droplets were observed and analyzed, showing a contact angle
of ≈ 140° and a CAH of ≈ 20° for one doubly re-entrant sample. While these
values indicated repellent behavior, they did not indicate super-repellent be-
havior (θ > 150°, CAH< 5°). Hypotheses on the causes for the observed
failure were presented and mitigation possibilities were suggested.
The limited success seen with the samples fabricated so far suggests fur-
ther testing should be performed as the sample fabrication procedures con-
tinue to be refined. If samples are fabricated which can reliably support
Cassie states with LOX droplets, then repeatable measurements of static,
advancing, and receding contact angles should taken, as well as the determi-
nation of sliding angle with a rotating sample jig. Testing of the evaporation
time of droplets should be conducted in the same manner as for the water
droplets. To this end, a wide range of Cassie fractions (both by varying
cap diameter and structure pitch) should be fabricated to further probe the
effects of surface geometry on evaporative heat transfer. If free-standing
droplets evaporate too quickly for meaningful analysis, reducing the sam-
ple surface temperature to 77–78 K is possible, however, in order to avoid
nitrogen condensation, neon or helium should be utilized for atmospheric
flushing instead. If samples could be fabricated supporting low enough CAH
such that the LOX droplets were highly mobile, then sliding friction oscil-
lation experiments should be performed as described in the next section, as
this would provide more representative data for comparison with ferrofluid
oscillation data. Finally, the break-in pressure should be determined using
either falling droplets with varying Weber numbers (by altering the release
height) or equilibrium droplets in an increasingly strong magnetic field (ei-
ther by bringing a permanent magnet closer to the substrate or by utilizing
a variable electromagnet).
33
Jared Myren 6 OSCILLATING LEIDENFROST DROPLETS
6 Oscillating Leidenfrost Droplets
6.1 Background
A droplet in a Leidenfrost state can be observed when the surface is heated
to the Leidenfrost temperature for that particular fluid-surface pair, at which
point the droplet will reach the film boiling state and hover on a cushion of
its own evaporating vapor flux, as illustrated in Figure 28. The Leidenfrost
temperature is unique to each surface-fluid combination and is difficult to
predict exactly [44]. The Leidenfrost point for water on a metal surface
is approximately 240 ◦C, but for cryoliquids, Leidenfrost droplets can be
observed on room temperature surfaces.
Figure 28: A droplet in a Leidenfrost state hovers over the substrate on a cushion
of its own evaporative vapor flux. The geometry of the vapor gap is determined by
the droplet size and is thinnest at the rim of the droplet’s underside. Image from
Wikipedia.
In the Leidenfrost state, the heat transfer rate from the substrate to the
droplet decreases dramatically, as the conduction pathway is cut off and the
supporting vapor layer acts as thermal insulation. Therefore, a Leidenfrost
droplet will evaporate at a slower rate than a droplet in a Cassie state on a
heated repellent surface. It has also been shown [45] that Leidenfrost droplets
floating above various surfaces can evaporate at significantly varied rates, a
super-repellent structured surface with a low Cassie fraction will transfer less
heat to the droplet than a flat repellent surface and the Leidenfrost droplet
lifetime can again be increased significantly.
The size of a Leidenfrost droplet has an important influence on the geome-
try of its supporting vapor layer. Very small droplets can be approximated as
spheres, but for larger droplets, the vapor layer has a non-uniform thickness,
34
Jared Myren 6 OSCILLATING LEIDENFROST DROPLETS
being thinner around the outer rim of the droplets underside and thicker to-
wards the center. For very large droplets (with a radius much larger than the
capillary length), this non-uniformity increases in magnitude and eventually
the evaporated gas at the center of the droplet’s underside cannot escape to
the edges and bubbles up through the center of the droplet, forming what is
called a ”chimney” [44]. This causes turbulent flow within the droplets which
can yield interesting flow dynamics and coherent surface oscillations, result-
ing in droplets shaped into non-circular geometries as viewed from above.
While this phenomenon is interesting and has been studied in detail, the
rapid and semi-chaotic movements can also inhibit clear imaging of long-
lived Leidenfrost droplets, as small droplets, which avoid this behavior, are
relatively short-lived. In this work, imaged Leidenfrost droplets of LOX were
unable to be measured accurately (or precisely) enough to record meaning-
fully comparable evaporation curves. The droplet edges were blurred by the
rapid oscillations induced by the instabilities in the supporting vapor layer.
A unique property of Leidenfrost droplets is the extremely low friction
inhibiting their lateral motion on a flat surface. This allows for interesting
studies of nearly ideal Newtonian dynamics in one or two dimensions, hydro-
dynamics of droplet motion on room temperature liquid surfaces [46], and
in the case of LOX, studies of the interaction of magnetic forces and fluid
dynamics (see Figure 29). The paramagnetism of liquid oxygen droplets
in Leidenfrost states was utilized by Que´re´ et al. to study the dynamics of
droplet deformation in a magnetic field and even droplet motion as an or-
bital mechanics analogue due to the magnetic attractive force scaling with
the same inverse square of distance which governs gravitational attraction
for celestial bodies [43, 44].
Figure 29: LOX droplets in Leidenfrost states have been used to investigate wave
drag dynamics on liquid surfaces (a, droplet is LN2), droplet deformation in vary-
ing magnetic field strengths (b), and even orbital mechanics (c, light paths are
droplet trajectories). Image A from [47], B from [43], C from [46].
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The vapor layer under a Leidenfrost droplet has been shown to be resis-
tant to breakdown from external forces, the droplet may flatten and spread,
but the average vapor layer thickness does not significantly decrease even
under highly increased gravity [48] or strong magnetic fields [43]. There is
a small effect on the Leidenfrost temperature for a given fluid-surface pair
under large external forces due to the thinning of the vapor layer at the
thinnest point around the ”rim” of the droplet’s underside [48]. Additionally,
the evaporation time is reduced as the droplet spreads under the influence of
external forces due to the increased ”contact” area supported by the vapor
layer leading to increased heat transfer to the droplet.
6.2 Experimental Methods
The paramagnetism exhibited by liquid oxygen droplets has been utilized
by Que´re´ et al., in whose work LOX droplets in Leidenfrost states were cap-
tured and dynamically manipulated with simple magnet configurations. Such
studies allow for studying analogues of planetary dynamics as the magnetic
force on the droplet scales with the inverse square of the distance from the
magnet, similar to the gravitational force on celestial bodies. In this work,
preliminary experiments were performed in which droplets were imaged while
oscillating along a single dimension in a parabolic magnetic field, exhibiting
lightly damped simple harmonic motion. The experimental technique uti-
lized was developed originally for the work of Timonen and Latikka [12], in
which superparamagnetic ferrofluid droplets oscillated on superhydrophobic
surfaces in the presence of a rare-earth (N52 grade) magnet.
The flushing of the environmental chamber with nitrogen in this work al-
lowed for experiments using instrument-grade (99.999% pure) oxygen (rather
than the impure LOX condensed from air in the work of Que´re´), minimized
the formation of ice on the surfaces, and prevented the formation of con-
densed clouds of water vapor around the measurement area, which hamper
clear imaging of Leidenfrost droplets. Using pure oxygen also allows for a
more uniform magnetization from droplet to droplet, minimizes the risk of
solid impurities inducing contact with the substrate, and ensures a uniform
surface tension to better compare experimental results. The thermal element
utilized for cooling the super-repellent surfaces described earlier was also used
as a heating element to keep the supporting surfaces at room temperature.
Vacuum grease was applied between the thermal element and the samples to
ensure good thermal contact. A high speed camera operating at 1000 frames
per second was utilized to capture videos of the oscillating droplets. The
captured image sequences were analyzed with custom Matlab scripts which
utilize image processing techniques to locate the droplet, record the centroid
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position and volume data, and finally, fit a simple harmonic model to the
data with given properties of the droplet fluid.
The model equation fit to the data is an analytic solution to the harmonic
oscillator equation
mx¨ = −kx− Fη ± Fµ,
taking into account viscous (Fη = 2βx˙) and sliding friction (Fµ) damping
forces for a free, damped oscillator. See the supplemental information in [12]
for a detailed derivation of this model. From the model fit several param-
eters of interest could be extracted, namely the oscillation period, viscous
and friction dissipation coefficients (β and µ, respectively), and the spring
constant (k) of the system:
k = µoV c [M +H (dM/dH)] ,
where µo is permeability of free space, V is droplet volume, H is spatially
dependent magnetic field strength, M is droplet magnetization, and c is
the field curvature (steepness of the magnet’s potential well). The damping
friction force (Fµ) was also calculated from the results. Finally, the recorded
and smoothed position data was used to extract velocity, kinetic and potential
energy, and power dissipation data.
Initial experiments were performed according to the procedure described
by Timonen and Latikka, with the droplet deposited at the edge of the
magnetic potential onto a glass slide (see Figure 30). However, unlike the
ferrofluid droplet experiments, the LOX droplets failed to travel along a uni-
form path (initially aligned with the focal plane of the camera) or even in a
straight line at all, but rather either traced shallow ellipses and/or straight
but rotating paths. The cause of this behavior is due to the confluence of ex-
tremely low friction, slight non-uniformities in the parabolic magnetic field,
and unavoidable slight tilting of the substrates. The magnitude of these de-
viations was small enough that portions of a few measured oscillations could
be successfully analyzed, however there was no possibility of comparison be-
tween measurements or repeatability to improve certainty in the calculation
of oscillation parameters.
To improve oscillation repeatability, a small aluminum v-track was de-
signed (see the supplemental information (A)) to act as a one-dimensional
guide for the droplets. Previous attempts at using v-tracks made from 3D
printed ABS and machined PTFE (Teflon) failed to support Leidenfrost
states due to local surface cooling. This component will not facilitate the
characterization of flat surfaces as the ferrofluid experiments [12] do, but it
will enable studies on the effects of substrate temperature, geometry, and the
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Figure 30: Our experimental method for droplet oscillation analysis was initially
developed for ferrofluid droplets (top). A droplet is deposited at the edge of a
parabolic magnetic potential and allowed to oscillate freely on a room temperature
surface. Top image from [12].
force gradient magnitude/configuration for droplets of any fluid in Leiden-
frost states. (This component has not been fabricated at the time of writing
due to time constraints during this thesis.) If utilized, the aluminum guide
should be heated for approximately 30 minutes prior to measurements and
kept at 20–30 ◦C during the experiment to avoid ice formation in the bottom
of the v-track.
6.3 Results & Discussion
The oscillation position data was recorded and a subset of harmonic oscil-
lations (those with amplitudes between tunable limits) were extracted for
analysis. The simple harmonic model used in this work was initially devel-
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oped for aqueous ferrofluid droplets and failed to fit the LOX droplet data
at first, as it did not take into account the far more rapid evaporation rate of
LOX compared to aqueous ferrofluid. To that end, the code was modified to
fit the model to overlapping or sequential slices of the measured droplet po-
sition data, within each of which the change in droplet volume was assumed
to be negligible. Thus, for each slice, an average droplet mass was calculated
and assumed to be unchanging. The determination of the ”width” of these
slices was based on a trade-off, as narrower slices better approximate constant
volume within themselves and thus better correct for the effects of evapora-
tion, while achieving a good fit to the data requires a minimum number of full
oscillations included in the slice. Two full oscillations were included in each
”slice” in the calculation results presented here. The overlapping version of
the fitting process begins each slice at a turning point (local maxima/min-
ima where the droplet is changing direction) and thus provides more data
points and a more continuous picture of the evolution of the oscillation pa-
rameters; the separated version simply divides the data into disparate slices,
allowing for direct comparisons between segments of the data and providing
a continuous set of unique smoothed data points over the range of the entire
measurement, which is then useful for later calculations of velocity, energy,
and power dissipation. Figure 31 illustrates the differences between these
methods and shows the improvement in the fitting quality compared to the
initial single fitting approach. As parameters are calculated in the model
for each fit, the new approaches also allowed visualization of the evolution
of the oscillation parameters as the droplet evaporated. It should be noted
that the evaporation for Leidenfrost LOX droplets was linear, as opposed to
the nonlinear behavior seen for Cassie-state droplets in the previous section.
This behavior stems from the insulating vapor layer, which reduces the heat
transfer rate from the substrate and therefore reduces the magnitude of the
temperature (and thus evaporative flux) gradient throughout the droplet.
Additionally, velocity data was pulled from the position data and used
to generate energy and power dissipation plots, which could again be com-
pared to ferrofluid droplet oscillation data. The data show approximately an
order of magnitude reduction (10−8 to 10−9 J/W) in total energy and power
dissipation when compared to ferrofluid droplet oscillation data on superhy-
drophobic surfaces, as was expected. Figure 32 shows the energy and power
dissipation curves for the oscillating droplet.
The viscous and friction forces extracted from the harmonic oscillator
model fit have slightly different meanings than those for the ferrofluid droplets
the model was developed for. Namely, the sliding friction force for ferrofluid
can be referred to as the contact angle hysteresis force, however, for Lei-
denfrost droplets there is no contact line, thus this force is representative of
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Figure 31: The oscillation position data is fitted with a harmonic oscillator solu-
tion (see [12]). Fitting all data simultaneously (a) failed due to significant droplet
evaporation. Splitting the data into overlapping (b) or separate (c) slices provided
a better fit and allowed for the visualization of oscillation parameter evolution.
The observed decreasing spring constant (k) value (d) is consistent with theory,
assuming a constant dm/dt. The slight deviation from linearity near the start
is due to increased uncertainty in volume determination caused by large droplet
deformations.
the drag forces on the underside surface of the droplet resulting from gas
turbulence in the thin supporting vapor layer. This ”friction” force and the
inertial viscous drag force, scale with ηV h−1R2 and ρV 2Rlc [43, 44], respec-
tively, where η is viscosity, V is velocity, h is the vapor film thickness, and R is
the droplet radius. The friction force is typically smaller by an order of mag-
nitude compared to the viscous drag force until the velocity becomes very
small. The friction forces calculated from the experimental data for LOX
droplets in this work match the scale of this prediction (10–100 nN), thus
indicating the potential viability of using the harmonic oscillator model for
Leidenfrost droplets, although further testing with repeatable data is needed
to fully validate the model.
Further experiments could investigate the effects of varying magnetic field
strength, surface structure and/or temperature, and, if doubly re-entrant
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Figure 32: The smoothed position data from the separated slice fitting allows for
calculations kinetic/potential energies and power dissipation. The magnitude of
the energy and power dissipation is approximately one order lower than that of
ferrofluid droplets on superhydrophobic surfaces, consistent with theoretical predic-
tions. The two discontinuities in the energy plot are due to slight inaccuracies in
the model fit endpoints for the data slices.
samples are fabricated capable of supporting Cassie state droplets with low
CAH, oscillation experiments with cooled substrates (not Leidenfrost droplets)
could produce results more directly comparable to ferrofluid droplet data.
It has been suggested [45] that structured super-repellent surfaces may
allow Leidenfrost droplets to transition to non-boiling Cassie states upon
cooling of the substrate due to reduced heat transfer (avoiding boiling); if
a room temperature surface supporting a Leidenfrost LOX droplet could be
cooled quickly enough (to < 90 K) while avoiding ice formation, it might be
possible to facilitate an extremely gentle deposition of the droplet, leading
to potentially successful support of a Cassie state LOX droplet. This ap-
proach could avoid wetting failure mechanisms triggered by impact pressure
dynamics.
6.4 Conclusions
Oscillation experiments utilizing paramagnetic LOX droplets were performed
by a modified methodology originally developed for ferrofluid droplets on
superhydrophobic surfaces, showing promise for future low friction droplet
oscillation experiments. Future Leidenfrost experiments can improve upon
the developed methods and experimental setup in order to achieve test re-
peatability. Oscillations on warm liquid surfaces (inspired by [47]) can also
be explored, as can the effects of magnetic field strength and/or surface pa-
rameters on evaporation rates of Leidenfrost droplets.
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A Supplemental Information
A.1 Experimental Procedures
This section is to serve as a baseline guide for future researchers utilizing
the experimental setup described in this work for similar exercises. Step-by-
step instructions will be given for both the repellency testing and Leidenfrost
measurements along with added suggestions for improvements or additions
to increase the versatility of the setup for non-related research. Be sure
to read the safety precautions at the end of this section before
attempting unsupervised experimentation!
A.1.1 Setup
• The environmental chamber should sit on a flat, vibration-free surface
with two layers of rubber sheeting underneath. The straps used for
maintaining the seal on the top panel should be laid between these
layers to minimize slippage (some movement will still occur though,
these sheets could be replaced by better non-slip surfaces).
• The 6 mm holes located on the side panels are sized to accept a Swagelok
6 mm tube connector tightly wrapped in 2 to 3 layers of Teflon thread-
locking tape. Connect the inlet and outlet fittings for the atmospheric
gas(es) to these inlets. An oil bubbler was used as a one-way outlet
in this work, however a vacuum pump (pulling light vacuum only) can
also be connected if desired (note: the chamber will not support a high
vacuum). The pressure in the chamber could be measured, but would
require a much more sensitive detector, in this work slight positive
pressures were detected by observing the gloves as they inverted and
inflated.
• The gloves should be free of holes and tight when stretched over the
port flanges; hold them in place with hose clamps. The fingertips should
reach the back of the chamber but not much beyond, as this will make
putting one’s hands into them difficult.
A.1.2 Before Sealing the Top Panel
• Make sure to place and clean (with isopropanol or ethanol to remove
adsorbed moisture) all needed items within the box before tightening
the straps. This includes samples, nitrogen dewars, handling tools,
magnets, absorbent materials, humidity/temperature sensors, etc.
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• Orient the sample stage, thermal element, magnets, droplet generator
and cameras as well, as these tasks are made difficult by the constraints
of the gloves.
• This done, tighten all six straps, two around the long dimension and
four around the short dimension. Ensure tightness and check the seal
around the perimeter of the top panel for any misalignments or gaps.
• Then the inlet atmospheric gas valve may be turned on to the desired
flowrate and allowed to flush for the necessary time. In our setup, the
nitrogen 2.5 line connected to a 6 mm Swagelok valve turned 0.5 turns
could reach sub-2% humidity after a minimum of one hour. This time
is affected by atmospheric humidity in the laboratory, of course.
• Improvement Idea: Cracking around the screws in the walls discouraged
the use of draw hasps around the top panel, but if this can be avoided
or the chamber is rebuilt with tougher materials, such hardware would
simplify and improve the sealing procedure. See the design reference
[42] for an example.
A.1.3 Generating LOX Droplets
• Cold Surfaces Only: Loading/Changing Samples: When using a ther-
mal element to cool a sample surface down to LN2 temperatures, first
wait until the humidity is at a minimum, then heat your surface to
the highest safe temperature it can handle (don’t go over 250 ◦C if
you have a nitrogen dewar connected) for a minimum of 10 minutes
(more is better) to drive off any adsorbed moisture, keep the nitrogen
flush going during this time. This will minimize ice formation on your
samples, especially important for samples with intricate micro/nano-
structures. Allow the heated element to cool to approximately room
temperature by shutting off the resistive heating. This slow cooling
will avoid thermal shock. Upon reaching room temperature, you can
begin the cooling process, using the Linkam flow controller and/or the
heating control to reach and maintain a specific temperature (assuming
you are using the TMS91 model, the newer model (TMS94) allows for
easier control but did not work with our particular stage). This must
be done in between each sample. One can also heat all the samples
at the beginning of the experiment, however, if vacuum grease is uti-
lized, removal of a sample from an element at cryogenic temperatures
could be impossible, as would forming a good contact with the stiff,
frozen grease with a new sample. This heating step could also be done
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for Leidenfrost measurements if localized ice formation from adsorbed
moisture under the floating cryoliquid droplets is a concern.
• Once the humidity has reached the desired level, the thermal element
may be activated using the Linkam temperature controllers (LN2 flow
for cold samples, the appropriate heat for Leidenfrost measurements)
and the generator cone can be cooled. If deemed necessary, place any
absorbent material (e.g., Zeolite) within the shroud to minimize ice
formation on the condenser surface. Zeolite is a molecular sieve which
needs to be heated at ≈ 200 ◦C in vacuum for several hours to regen-
erate its absorbent properties after prolonged use.
• Cooling the generator cone is accomplished by carefully pouring LN2
through the funnel installed in the top panel. Tubing may be used
for flow redirection if the generator cannot be placed directly under
the funnel. Utilize an additional, smaller funnel inside the more per-
manently installed larger one (with a gap maintained by any support
structure (tack was used in this work)) to allow for the backflow of ni-
trogen gas during pouring, otherwise the flow rate will be limited and
LN2 will spill chaotically outside the chamber. During this pouring
process, the atmospheric gas flow should be kept low but not off, to
prevent the liquid nitrogen pushing in atmospheric humidity. Plug the
larger funnel with tack when not pouring as well. It will take approx-
imately 5 to 15 minutes to fully cool the copper generator, depending
on the rate of LN2 addition. A violent boil-over will signify that suf-
ficiently low temperatures have been reached (this is, obviously, when
the Leidenfrost layer in the cone has collapsed). Refill the generator as
needed throughout the experiments.
• At this point, the condensing gas (oxygen in our work) is allowed to flow
in using the valves setup. First, the valve near the source is opened to
”prime the line” (do this once or twice before the condenser is cooled
to flush any residual humidity), the pressure gage will indicate the
presence of the gas in the line. Then the second valve can be turned to
allow small amounts of the gas at a time. This setup avoids interrupting
the flow to other instruments. Producing a single drop manually is
somewhat difficult, but can be achieved with practice.
• Improvement Idea: Manual flow control is difficult to use for single
droplet generation. Installing a low pressure, programmable mass flow
controller in place of the inlet valve would drastically improve not only
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the ease of use, but also allow for precise and repeatable droplet size
control.
A.1.4 Shutting Down
• When measurements are complete, if possible, do not unseal the cham-
ber.
• Flush the oxygen line and close its valves, allow the thermal element to
cool/warm to room temperature, run the atmospheric gas for a short
time to flush any remaining traces of oxygen, and leave open any con-
tainers of remaining liquid nitrogen inside the chamber (the pressure
of the evaporation will escape through the outlet).
A.1.5 Analyzing Leidenfrost Droplet Oscillations
• Droplet oscillations should be filmed from the side using a high speed
camera ideally operating at 1000 frames/second at the highest possible
resolution. Zoom in as closely as possible on the droplet and use a light
panel for back-lighting.
• It is crucial to ensure the flatness of the substrate if the v-track droplet
guide is not being utilized in order to ensure the droplet oscillates only
within the focal plane of the camera.
• Once the video is obtained, it can be analyzed for droplet position and
size using a small library of Matlab scripts. Contact angle data must
be obtained separately from individual frames using any image analysis
tool (ImageJ plugin (e.g., DropSnake), Attension software, etc.).
• The videos can either be converted to a thresholded binary using the
videothreshold.m function to determine the correct threshold value, oth-
erwise the conversion can be done prior to analysis manually (this is
often faster and more convenient) using VirtualDub (or any other video
editing software).
• The preferred function running order is first dropcentroid.m, then Os-
cillatorMiro.m, and finally oscillationperiod.m. If the fluid being tested
is volatile (evaporates significantly during the oscillations), it is best to
then run the stepfit.m function, as the model fit provided by the pre-
vious function assumes a constant droplet volume and will result in a
poor fit to the final sections of the data.
• Consult the functions’ header instructions for more details.
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A.2 Potential Improvement Ideas
There are several potential areas of improvement that can and should be
worked on for the experimental setup.
• The top panel is currently sealed with a rubber stripping and hand-
tightened straps that maintain the seal in the presence of slight posi-
tive pressures. The original design calls for the use of draw hasps (see
[42]), but the polycarbonate used for the walls exhibited cracking from
the screws installed in the corners, so utilizing the hasps was not a
possibility. These would allow for a tighter seal and much more con-
venient access into the chamber, but would require the chamber to be
rebuilt (highly suggested, regardless) with tougher polycarbonate (or
other clear polymer). The rubber stripping should also be replaced as
it will develop cracks over time and should be arranged such that the
corners overlap (they currently do not).
• In this work, 2.5 grade nitrogen was used to flush the chamber and re-
duce humidity to avoid ice formation on cooled sample surfaces. How-
ever, it was often seen that trace amounts of ice still formed, though
not consistently and without obvious cause, even when the humidity
was measured to be at the lower limit of the meter (≈2%). Several po-
tential improvements could be made: 1) Use a more sensitive humidity
sensor to characterize drying performance, 2) Install fans to circulate
the gases inside the chamber to avoid pockets of humid air being left
behind in the corners, 3) Utilize an in-line drying system (e.g., Zander
Ecodry) on the atmospheric nitrogen inlet if it is determined that the
trace amounts of water vapor in the nitrogen are the cause of the icing
issue (this is doubtful, but possible), 4) Utilize a ”cold finger”, a LN2-
cooled metal object inside the chamber as both a ”cryo-pump” of sorts
and/or as a qualitative humidity sensor.
• The current cable pass-through is a simple hole plugged by a conic
rubber pass-through, the gaps around the cables and the plug itself
are just plugged with tack. This is obviously an inelegant and non-
versatile solution. A proper cable pass-through can be designed in to
the next iteration of the chamber, such components are readily available
from any laboratory or industrial vacuum supplier and require only a
specifically sized hole for installation.
• A v-track component has been designed that should allow a droplet
to oscillate within a single plane in a 3D magnetic parabolic potential.
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It should be heated to remove any adsorbed moisture before use and
maintained at room temperature with the thermal element. The com-
ponent should be machined from aluminum, plastic parts were shown
not to support Leidenfrost states.
Figure 33: V-track design, dimensions in mm.
A.3 Doubly Re-entrant Structure Fabrication Process
This is a more detailed overview of the fabrication process (and the changes
made to it) than is found in the main text, but individual process parameters
(times, temperatures, pressures, exact chemistries, etc.) are not included
here. Consult the Microfabrication group in Micronova (headed by Dr. Sami
Franssila), specifically Ville Rontu as he carried out the fabrication in the
cleanroom, for specific processing details.
Wafers are standard silicon wafers (i.e., not SOI). PE-CVD: Plasma
Enhanced Chemical Vapor Deposition; ICP-(D)RIE : Inductively Coupled
Plasma (Deep) Reactive Ion Etching; PE-ALD: Plasma Enhanced Atomic
Layer Deposition.
1. PE-CVD SiO2 deposition to 1µm thickness.
2. Spin coating of positive photoresist.
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3. Patterning of photoresist by UV light exposure through mask and re-
moval of unpatterned resist by washing.
4. Etching of exposed oxide by anisotropic RIE and removal of remaining
(patterned) resist. Creates circular oxide islands.
5. Anisotropic ICP-RIE of exposed silicon to 1µm depth. Creates circular
silicon islands topped with oxide. Traditional gas chemistry is SF6
+ O2, later samples utilized addition of CHF3 to improve control of
vertical etching angle.
6. Isotropic PE-CVD deposition of oxide to 200–300 nm thickness. Forms
the vertical ”serif” shape of the caps. Initial samples utilized PE-ALD
instead of PE-CVD.
7. Spin coating and UV patterning of positive photoresist, followed by an
anisotropic RIE step and finally removal of photoresist. Removes the
oxide layer between the cap structures, isolating the caps.
8. Anisotropic ICP-DRIE of exposed silicon to pillar height depth. Pillar
diameter is uniform from cap to substrate at this point.
9. Isotropic ICP-RIE of silicon to thin the silicon stems in relation to
the oxide caps, forming the final doubly re-entrant structures. The
time and gas flow parameters in this step resulted in the non-uniform,
defective regions of later samples.
10. For fluorinated silane SAM coating: Oxygen plasma treatment to clean
and coat the surface with hydroxyl groups, followed by heated immer-
sion in a small amount of 1H,1H,2H,2H -perfluorodecyltrichlorosilane
in a closed petri dish at 80 ◦C for 3 hours.
Deposition thicknesses were confirmed with ellipsometry measurements
and overall pillar dimensions were confirmed by SEM image analysis, direct
profilometer measurements, and cross-sectional FIB milling. Samples uti-
lized in this work were obtained by careful manual crystallographic plane
splitting of the wafers to obtain samples small enough to allow for thermal
control (samples larger in area than the cooling element proved impossible
to cool sufficiently, resulting in immediate nucleate boiling of LOX droplets
on contact).
54
Jared Myren A SUPPLEMENTAL INFORMATION
A.4 Safety Precautions & Warnings
A.4.1 Gases
While working, make sure the area is fully ventilated and be conscious of
any possible gas leaks. If you begin to feel tired, weak, light-headed, or get
a slight headache, immediately open a vent/window/etc., shut off any gases,
and leave the area until the feeling subsides, as this is an early indication of
oxygen deprivation. Likely leak sites are the gloves/glove ports, top-panel
seal, gas inlet/outlet fittings and possibly the gas lines themselves.
When finished with any experiment, position an open vent nearby in case
of a leak as nitrogen displacement of air in a small room is a life-threatening
hazard, and an oxygen leak (however unlikely using this setup) poses addi-
tional flammability and explosion risks if left open for long periods of time.
While an explosion would require very concentrated oxygen levels, keep in
mind that the barrier to combustion for any flammable material (and some
normally non-flammable ones too!) begins to decrease at a volume concen-
tration of 23% oxygen (normal oxygen ( in air) concentration is ≈ 21%).
Fully check that there is no possibility of gas leakage
(especially oxygen) by checking each valve, hose, and
connection before leaving the area!
A.4.2 Cryoliquids
Handling cryoliquids also poses a safety risk, both from air displacement
resulting from evaporative expansion (1:694 (liquid:gas) for LN2, 1:861 for
LOX) and from contact tissue freezing.
Always wear gloves when handling pitchers or dewars and use thermal
insulated gloves when directly handling cooled items (this should not ever
be necessary). Wear eye protection when pouring liquid nitrogen as back-
splash is common. The Leidenfrost effect offers some protection from small
amounts of cryoliquids in fleeting contact (e.g., spray, small droplets), but
mucous membranes such as eyes can still be damaged by larger amounts
and/or prolonged contact.
Always ventilate the area directly adjacent to any open containers of
liquid nitrogen.
Leftover liquid nitrogen should be left to evaporate under a vent or in a
fume hood, or safely disposed of outdoors.
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